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Phytoplankton size classPhytoplankton total chlorophyll concentration (TCHLa) and phytoplankton size structure are two important eco-
logical indicators in biological oceanography. Using high performance liquid chromatography (HPLC) pigment
data, collected from surface waters along the AtlanticMeridional Transect (AMT), we examine temporal changes
in TCHLa and phytoplankton size class (PSC: micro-, nano- and pico-phytoplankton) between 2003 and 2010
(September to November cruises only), in three ecological provinces of the Atlantic Ocean. The HPLC data
indicate no signiﬁcant change in TCHLa in northern and equatorial provinces, and an increase in the southern
province. These changes were not signiﬁcantly different to changes in TCHLa derived using satellite ocean-
colour data over the same study period. Despite no change in AMT TCHLa in northern and equatorial provinces,
signiﬁcant differences in PSC were observed, related to changes in key diagnostic pigments (fucoxanthin,
peridinin, 19′-hexanoyloxyfucoxanthin and zeaxanthin), with an increase in small cells (nano- and pico-
phytoplankton) and a decrease in larger cells (micro-phytoplankton). When ﬁtting a three-component model
of phytoplankton size structure — designed to quantify the relationship between PSC and TCHLa to each AMT
cruise, model parameters varied over the study period. Changes in the relationship between PSC and TCHLa
have wide implications in ecology and marine biogeochemistry, and provide key information for the develop-
ment and use of empirical ocean-colour algorithms. Results illustrate the importance of maintaining a time-
series of in-situ observations in remote regions of the ocean, such as that acquired in the AMT programme.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Phytoplankton are responsible for ~50% of global net primary pro-
duction (Field et al., 1998; Longhurst et al., 1995). Together with phys-
ical processes, phytoplanktonmodulate the total CO2 concentration and
pH of the ocean, and the air-sea exchange of CO2 (Takahashi et al.,
2002). Forming the base of the food web, variations in phytoplankton
biomass inﬂuence the availability and transfer of energy to higher tro-
phic levels, as illustrated by its control on global ﬁsheries catch
(Chassot et al., 2010). In addition to phytoplankton biomass, communi-
ty size structure also plays a pivotal role in marine biogeochemistry.
Phytoplankton cell size inﬂuences metabolic rates, growth and afﬁnitytment of Biosciences, Singleton
8.
ellyn).for nutrients (Chisholm, 1992; Marañón, 2009), the structure and tro-
phic interactions of the marine food web (Maloney and Field, 1991)
and the export of carbon to the deep-ocean (Guidi et al., 2009; Laws
et al., 2000). It is for these reasons that phytoplankton biomass and
size structure are recognised as key ecological indicators in the marine
environment (Platt and Sathyendranath, 2008). Changes in these indi-
cators may help to detect how the marine ecosystem may respond to
natural variability (e.g. innate climate oscillations) and human-
induced change (e.g. anthropogenic climate change).
Total chlorophyll concentration (TCHLa), the major photosyn-
thetic pigment in marine phytoplankton, is typically used as a simple
metric for phytoplankton biomass, partly due to difﬁculties in mea-
suring carbon biomass. TCHLa can be routinely estimated in-situ
(e.g. ﬂuorometrically or using High Performance Liquid Chromatogra-
phy (HPLC)) or by using satellite remote-sensing of ocean colour
(O'Reilly et al., 1998). Size-fractionated chlorophyll is commonly used
as a metric for phytoplankton size structure and can be estimated
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2010; Devred et al., 2011; Hirata et al., 2011; Uitz et al., 2006; Vidussi
et al., 2001), or through size-fractionated ﬁltration (e.g. Brewin et al.,
2014a, b; Marañón et al., 2012). These two techniques may be used to
partition TCHLa into three phytoplankton size classes (PSC), micro-
(N20 μm), nano- (2–20 μm) and pico-phytoplankton (b2 μm). Recent
studies illustrate a tight coupling between TCHLa, PSC and physical
forcing (Behrenfeld et al., 2006; Martinez et al., 2009; Kostadinov et al.,
2010; Brewin et al., 2012). However, long-term changes in these
two ecological indicators remain non-trivial to evaluate (e.g.
Antoine et al., 2005; Boyce et al., 2010; Brewin et al., 2012; Gregg
and Conkright, 2002; Kostadinov et al., 2010; Mackas, 2011;
McQuatters-Gollop et al., 2011; Racault et al., 2014a; Vantrepotte &
Mélin, 2009; Vantrepotte & Mélin, 2011).
Global analysis of in-situ data illustrates coherent relationships be-
tween PSC and TCHLa, which have been quantiﬁed using various statis-
tical methods and applied to remotely-sensed observations of TCHLa to
map PSCs at regional to global scales (Brewin et al., 2010; Brotas et al.,
2013; Hirata et al., 2011; IOCCG, 2014; Marañón et al., 2012; Uitz
et al., 2006; Vidussi et al., 2001). Even standard empirical algorithms
used for estimating TCHLa from satellite ocean-colour data implicitly as-
sume a ﬁxed relationship between TCHLa and PSC (Dierssen, 2010,
IOCCG, 2014). This assumption implies that a change in one indicator
will result in predictable modiﬁcation in the other. However, proposed
statistical relationships between TCHLa and PSC are based on past
observations and these relationships may change in a future marine
ecosystem. Since these two indicators have differing roles in ecology
and marine biogeochemistry, changes in the relationship between the
two may have wide ramiﬁcations. Monitoring both indicators is thus
required to ensure comprehensive ecosystem management (Racault
et al., 2014b).
The Atlantic Meridional Transect (AMT) Programme is a UK Na-
tional Environmental Research Council (NERC) funded project
consisting of a time-series of oceanographic stations along a
13,500 km north–south transect (50°N–50°S) in the Atlantic Ocean
(Aiken et al., 2000; Robinson et al., 2006). The AMT programme
began in 1995, with the aims of quantifying the nature and causes
of biogeochemical and ecological variability in plankton of the Atlan-
tic Ocean, and assessing the effects of this variability on air–sea gas
and aerosol exchange, and biological carbon cycling (Robinson
et al., 2006). It was also used for the calibration and validation of
measurements and products from the Sea-viewing Wide Field-of-
view Sensor (SeaWiFS) (Hooker and McClain, 2000). It is one of
only a few programmes that conduct systematic surveys over large
areas of the ocean, crossing a range of ecosystems from the eutrophic
sub-polar shelf seas and upwelling systems to the oligotrophic gyres
of the North and South Atlantic. The AMT dataset includes arguably
the most coherent set of repeated observations on phytoplankton
pigments ever made at ocean basin scales (Aiken et al., 2009;
Barlow et al., 2002; Gibb et al., 2000; Poulton et al., 2006). The objec-
tives of this study were to: i) elucidate any change in TCHLa and PSC
in three key ecological provinces of the Atlantic Ocean over the peri-
od 2003–2010 (September to November); and ii) investigate any
change in the relationship between the two indicators (TCHLa and
PSC) over the same period. To do this, we computed trends in
TCHLa and PSC using surface pigment measurements collected
along the AMT transect in each province. Changes in TCHLa were
also compared with corresponding estimates from satellite ocean-
colour data. The three-component model of Brewin et al. (2010),
designed to quantify the relationship between TCHLa and PSC, was
ﬁtted to surface in-situ data collected along each of the AMT transects
to test if the relationship between the two indicators changed over
the study period. Finally, we discuss the use of empirical algorithms
for the detection of TCHLa from satellite remote sensing and the
wider implications of our results in the context of marine biogeo-
chemistry and ecology.2. Material and methods
2.1. HPLC pigment data
Phytoplankton pigment data from AMT cruises 13–20, covering the
time period of 2003–2010, were extracted from the AMT database
(https://www.bodc.ac.uk). Only pigment data between 2003 and 2010
were used (as opposed to including data from the 1995–2000 period)
because: 1) the focus of our study was on changes in TCHLa and PSC
over the past decade; 2) we wanted to limit the inﬂuence of large-
scale global climate oscillations on our results, and the years 1997 and
1998 were marked by some of the largest El Niño, followed by La Niña
events recorded in the past century (Wolter and Timlin, 1998), showing
large impacts on global phytoplankton productivity between 1997 and
2000 (Behrenfeld et al., 2006); 3) a relatively consistent number (see
Table 1) of samples were collected on AMT cruises 13–20 in the boreal
Autumn; and 4) we wanted coincidental availability of in-situ and
remote-sensing data (available post 1997). The following quality
control methods were applied to the dataset:
1) For consistency with the remote-sensing data, we only retained pig-
ment samples from the ﬁrst optical depth. This depth can be approx-
imated as Zeu/4.6 (Gordon and McCluney, 1975), with Zeu being the
euphotic depth (i.e. the depth where Photosynthetically Available
Radiation (PAR) is reduced to 1% of its value just below the surface).
The euphotic depth was estimated from surface TCHLa using the
method of Morel et al. (2007) and cross-checked with in-situmea-
surements of PAR.
2) To minimise the effect of seasonality, we separated the data collect-
ed during boreal spring and autumn (AMT cruises April–May–June
and September–October–November). In our analyses, we consider
pigment data from the boreal autumn only, which was collected
over the 2003–2010 period (boreal spring cruises ceased from
2005). Note that September to November (boreal autumn) consti-
tutes autumn in the northern hemisphere but spring in the southern
(austral) hemisphere, and therefore, the inﬂuence of seasonality
is only minimised for data within a province and not between
provinces.
3) To minimise differences in cruise track sampling, we focused our
analysis on open-ocean provinces that have been monitored consis-
tently over the AMT programme. Speciﬁcally, we selected the pig-
ment data sampled within the Longhurst (2007) biogeochemical
provinces of the lower latitudes of the Atlantic Ocean: NATL (North
Atlantic Gyre), TRA (Tropical Atlantic) and SATL (South Atlantic
Gyre), as shown in Fig. 1.
4) Finally, we applied themethod of Aiken et al. (2009) to systematical-
ly control the quality of the pigment data.
The selected 240 samples that passed these quality control proce-
dures are listed in Table 1 for each cruise. Data in the ﬁrst optical
depth is also plotted for each cruise track in Fig. 1.
2.2. Pigment analysis
Water samples (1–4 l)were collected from selected depths using the
rosette samples on the CTD, ﬁltered through GF/F ﬁlters (nominal pore
size 0.7 μm), ﬂash frozen in liquid nitrogen (−196 °C), and then stored
at−80 °C until the analysis was performed. Pigment analysis methods
were consistent for the selected cruises (Aiken et al., 2009; Poulton
et al., 2006). Phytoplankton pigments for recent AMT cruises (18–20;
Airs & Martinez-Vicente, 2014a,b,c) were determined by HPLC analysis,
using methods reported by Barlow et al. (1997, 2004), Tilstone et al.
(2010) and Llewellyn et al. (2012), using solvent extraction and
Thermo-Fisher instrumentation with photo-diode array spectroscopy
(PDA) and Chromo-Quest software. Pigments were identiﬁed using re-
tention time and spectral match PDA, and pigment concentrationswere
calculated using response factors generated from calibrations using a
Table 1
Available data for each cruise used in this study and corresponding method of analysis. N = number.
AMT cruise number N of pigment data available; N of ﬁnal data selected Method of pigment analysis Reference
AMT 13 174; 25 Barlow et al. (1997, 2004) Aiken et al. (2009)
AMT 15 215; 24 Barlow et al. (1997, 2004) Aiken et al. (2009)
AMT 17 144; 25 Barlow et al. (1997, 2004) Aiken et al. (2009)
AMT 18 198; 34 Barlow et al. (1997) Llewellyn et al. (2012)
AMT 19 110; 61 Barlow et al. (1997) Llewellyn et al. (2012)
AMT 20 341; 71 Barlow et al. (1997) Llewellyn et al. (2012)
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Daily, pigment calibration was checked using chlorophyll-a and an in-
ternal standard (β-apo-8′-carotenal) was used to correct for the water
content retained in the GF/F ﬁlters.2.3. Remote-sensing data
Level 3, Standard Mapped Images of Chlorophyll-a were retrieved
for the Atlantic Ocean at 9 km spatial resolution and at 8-day temporal
resolution from the Sea-viewing Wide Field-of-View Sensor (SeaWiFS)
for the period 2003 to 2010, available at http://oceancolor.gsfc.nasa.
gov/. We used the reprocessing from 2010 based on the OC4v4 algo-
rithm (Feldman, G. C., C. R. McClain, Ocean Color Web, SeaWiFS
Reprocessing (2010)). To assess the spatial and temporal representa-
tiveness of discrete AMT sampling we averaged the coincident TCHLa
from remotely-sensed 8-day composites and AMT measurements over
each biogeochemical province of Longhurst (2007) during the period
of each cruise. In the present study, ocean colour remote-sensing
observations are used to provide a more complete appreciation of the
seasonal and inter-annual variability of chlorophyll concentration in
the provinces. In this context, the 8-day temporal resolution appearedFig. 1. AMT Cruise tracks superimposed onto the ecological provinces deﬁned by
Longhurst (2007), and the classiﬁcation of Hardman-Mountford et al. (2008). NADR refers
to the North Atlantic Drift province; NAST-W, -E North Atlantic Subtropical Gyre province
(West, East); NATL refers to North Atlantic Tropical Gyre province; TRA-W, -E refers to
Tropical Atlantic province (West, East); SATL refers to South Atlantic Gyre province; and
SAC the South Atlantic Convergence province. The colours on the map refer to the biomes
of Hardman-Mountford et al. (2008), with blue through to red colours referring to low to
high TCHLa. (For interpretation of the references to color in thisﬁgure legend, the reader is
referred to the web version of this article.)to be the most relevant, balancing the ﬁnest temporal resolution and
fewest missing data in the ocean-colour time series. Furthermore,
statistical analysis onmatch-ups of satellite and in-situ chlorophyll con-
centration along AMT transects show similar results when using daily
(r2 = 0.82; for 241 match-ups, see Brewin et al. (2010)) or 8-day
(r2 = 0.80; average r2 of six cruises, see Fig. 2 of Aiken et al. (2008))
composites.2.4. Models
In addition to comparing TCHLa trends, we also compared trends in
the fractional contribution of three phytoplankton size classes (PSC,
micro-, nano- and picophytoplankton) to TCHLa using two models.
Themodel of Uitz et al. (2006)was adopted, which uses in-situ pigment
data to compute the fractions of each size class, and themodel of Brewin
et al. (2010), that uses in-situ pigment data to ﬁt a conceptual model
which is then used to re-compute the fractions of each size class from
TCHLa.
The model of Uitz et al. (2006) involves ﬁrst computing the
weighted sum (ΣDPw) of the seven diagnostic pigments, such
that ΣDPw = 1.41 ∗ [fucoxanthin] + 1.41 ∗ [peridinin] + 1.27 ∗ [19′
hexanoyloxyfucoxanthin] + 0.35 ∗ [19′butanoyloxyfucoxanthin] +
0.60 ∗ [alloxanthin]+ 1.01 ∗ [total chlorophyll-b] + 0.86 ∗ [zeaxanthin].
The three phytoplankton size fractions were then computed
according to: microphytoplankton = (1.41 ∗ [fucoxanthin] + 1.41 ∗
∗[peridinin]) / ΣDPw; nanophytoplankton = (1.27 ∗ [19′
hexanoyloxyfucoxanthin] + 0.35 ∗ [19′butanoyloxyfucoxanthin] +
0.60 ∗ [alloxanthin]) / ΣDPw; and picophytoplankton = (1.01 ∗ [total
chlorophyll-b] + 0.86 ∗ [zeaxanthin]) / ΣDPw.
Themodel of Brewin et al. (2010)was used in the followingmanner:
(i) using the approach of Uitz et al. (2006) described above, butwith the
addition of a picoeukaryote adjustment (attributing part of the 19′
hexanoyloxyfucoxanthin pigment to the picophytoplankton pool at
low TCHLa, see Brewin et al., 2010), the fractions of each size class to
TCHLa were initially estimated; (ii) these fractions and TCHLa were
then used to derive model parameters using a least-square-ﬁt; and
(iii) model parameters and TCHLa were then used to re-compute the
fractions of each size class. The model of Brewin et al. (2010) was ﬁtted
to all available data in the 1st optical depth for each AMT cruise (see
Fig. 2), resulting in a different set of parameters for each year and thus
accounting for any potential inter-annual variation in the relationship
between PSC and TCHLa.2.5. Statistics
Multi-annual trends were evaluated, for each province, using linear
regression analysis on log10-transformed TCHLa (Siegel et al., 2013),
but not log10-transformed phytoplankton size fractions. The rate of
TCHLa change over the years was calculated by transforming log-scale
to linear scale. Analysis of variance (ANOVA)was used to test for signif-
icance in the trends for each province (Sokal and Rohlf, 1969). We also
used a General LinearModel (GLM) to test if the intercepts and slopes of
the TCHLa trends for in-situ and SeaWiFS data were signiﬁcantly
different.
Fig. 2. The three-componentmodel of Brewin et al. (2010), represented by the black solid line, ﬁtted to the pigment observations from each cruise. The fractions (F) of each size class (pico-
(b2 μm), nano- (2–20 μm), combined pico- and nano- (b20 μm), and micro-phytoplankton (N20 μm)) are plotted as a function of TCHLa. The four parameters of the model are also
provided (Cm represents the maximum chlorophyll concentration for the b20 μm and b2 μm size class, and S refers to the initial slope of these two size classes, see Brewin et al.
(2010) for further details).
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3.1. Total chlorophyll-a
The time-series of in-situ TCHLa are superimposed on the SeaWiFS
monthly mean TCHLa, averaged for each province, over the 2003 to
2010 period (Fig. 3), to visualize differences in the temporal sampling
rates of the two datasets. For the NATL and TRA provinces, the in-situ
data generally lies within the spatial variability of the satellite data
(quantiﬁed by the spatial standard deviation within a province, SD) at
the same point of season. However, for the SATL province, the in-situ
values are lower than SeaWiFS-derived values, probably a result of the
AMT tracks passing through the most oligotrophic (centre) part of the
SATL and avoiding themore productive regions at the edges of the prov-
ince (Fig. 1). AMT samples were collected between September and
November, which is autumn in the Northern hemisphere (NATL prov-
ince) and spring in the Southern hemisphere (SATL province). Inter-
annual changes in TCHLa may vary with season (Fig. 3), especially in
provinces with changing phenology (Racault et al., 2012).
Trends in surface in-situ (AMT) TCHLa between 2003 and 2010 are
plotted in Fig. 4. The in-situ TCHLa showed no signiﬁcant trend in the
NATL and TRA provinces, but showed a signiﬁcant increase in the
SATL province (0.008 ± 0.007 mg·m−3 year−1). Trends in surface
SeaWiFS-derived TCHLa are overlain onto the in-situ (AMT) trends in
Fig. 4. There was a signiﬁcant decline in SeaWiFS-derived TCHLa in the
TRA (−0.009 ± 0.003 mg·m−3 year−1) and the NATL (−0.008 ±
0.003 mg·m−3 year−1) province during the 2003 to 2010 period.
In agreement with the in-situ (AMT) trends, SeaWiFS-derivedTCHLa showed a signiﬁcant increase in the SATL (0.008 ±
0.003 mg·m−3 year−1). Furthermore, General Linear Model (GLM)
results revealed that inter-province differences between in-situ and
SeaWiFS-derived TCHLa trends were not signiﬁcant (p N 0.05).
3.2. Phytoplankton size fractions
The rate of change in the fractions of PSC derived using the Uitz et al.
(2006) and Brewin et al. (2010) methods are plotted in Fig. 5 for the
three provinces. In the NATL province both methods showed a signiﬁ-
cant decline in the microphytoplankton fractions (p b 0.01, Table 2),
with the rate of change between −1.12% and −1.73% year−1. These
rates of change were not signiﬁcantly different between methods
(Mann–Whitney U test, Table 2). The nanophytoplankton fractions ex-
hibited an increase of 2.47% year−1 (p b 0.01, Table 2) for the Uitz et al.
(2006) method and an increase of 0.42% year−1 for the Brewin et al.
(2010) model, with the magnitude of these increases signiﬁcantly differ-
ent between approaches (Mann–Whitney U test, Table 2). The rate of
change in picophytoplankton fractions in theNATLwas different between
methods (Mann–Whitney U test, Table 2), with the Uitz et al. (2006)
method showing no signiﬁcant trend and the Brewin et al. (2010)
model showing a signiﬁcant increase (0.81% year−1, p b 0.01, Table 2).
In the TRA province, both the Uitz et al. (2006) and Brewin et al.
(2010) methods showed a signiﬁcant decline in microphytoplankton
fractions (−1.12% to −1.19% year−1, p b 0.01, Table 2), no large
change in the nanophytoplankton fractions, but an increase in the
picophytoplankton fraction, which was signiﬁcant for the Brewin et al.
(2010) model (0.92% year−1, p b 0.01, Table 2). In the SATL province,
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Fig. 3. Time series of TCHLa (in-situ HPLC TCHLa from AMT sampling and satellite TCHLa
from SeaWiFS sensor) for each of the three provinces (grey lines represent standard devi-
ations across the province for the SeaWiFS image, SD).
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Fig. 4.Mean instantaneous rates of in-situ and SeaWiFS TCHLa change estimated for each
province with 95% conﬁdence limits.
Fig. 5.Rates of change in PSC, for in-situ (Uitz et al. 2006) andmodel-derived (Brewin et al.
2010) data, together with 95% conﬁdence limits.
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though these variations were not signiﬁcantly different according to the
Mann–WhitneyU test (Table 2). The Brewin et al. (2010)model indicated
a decreasing trend in the SATL microphytoplankton fractions, not ob-
served in the Uitz et al. (2006) method (Fig. 5, Table 2). The Uitz et al.
(2006) approach indicated adecline in SATLnanophytoplankton fractions
(−1.45% year−1, p b 0.01) that was not observed in the Brewin et al.
(2010) approach. Both methods showed a signiﬁcant increase in the
picoplankton fraction in the SATL (Fig. 5, Table 2).
The parameters of the Brewin et al. (2010)modelwere found to vary
among cruises (Fig. 2), implying a modiﬁcation in the relationship be-
tween PSC and TCHLa over the time period. In fact, the parametersrepresenting the maximum chlorophyll concentration for the b20 μm
and b2 μm size class (denoted Cmb20 μm and Cmb2 μm in Fig. 2) were
positively correlated with time (r = 0.52 and 0.67 respectively), and
Table 2
Average percentages (±standard errors) for in-situ and model derived Phytoplankton Size Classes (PSC) in the ﬁrst optical depth for the different AMT cruises and biogeochemical
provinces.
Province/cruise Microphytoplankton Nanophytoplankton Picophytoplankton
N Uitz et al. Brewin et al. Uitz et al. Brewin et al. Uitz et al. Brewin et al.
NATL
AMT-13 7 15 ± 1.2 15 ± 1.2 26 ± 2.5 30 ± 1.4 59 ± 3.2 55 ± 2.6
AMT-15 4 20 ± 8.8 16 ± 0.9 16 ± 1.7 36 ± 0.7 64 ± 7.4 47 ± 1.6
AMT-17 3 14 ± 0.8 15 ± 0.8 37 ± 0.6 36 ± 2.3 49 ± 1.3 50 ± 3.1
AMT-18 12 8.9 ± 1.7 9.8 ± 0.8 29 ± 1.0 31 ± 1.3 63 ± 2.2 60 ± 2.0
AMT-19 12 8.9 ± 0.3 11 ± 0.1 29 ± 2.1 29 ± 0.3 62 ± 2.1 60 ± 0.3
AMT-20 27 4.3 ± 0.8 7.9 ± 0.2 43 ± 3.7 35 ± 0.5 53 ± 3.2 57 ± 0.6
N (per province) 65
ANOVA p b 0.01 p b 0.01 p b 0.01 p b 0.01 NS p b 0.01
Mann–Whitney NS p b 0.01 p b 0.01
TRA
AMT-13 8 14 ± 2.0 18 ± 1.1 22 ± 1.1 33 ± 1.1 68 ± 2.3 49 ± 2.2
AMT-15 7 12 ± 0.7 14 ± 0.9 29 ± 6.5 34 ± 0.8 59 ± 6.8 52 ± 1.6
AMT-17 14 16 ± 1.4 15 ± 0.4 28 ± 4.5 36 ± 1.1 56 ± 5.0 49 ± 1.6
AMT-18 13 4.5 ± 1.0 12 ± 1.3 22 ± 1.7 34 ± 1.2 73 ± 2.2 55 ± 2.5
AMT-19 17 8.6 ± 0.5 11 ± 0.1 31 ± 2.1 33 ± 0.6 61 ± 2.5 57 ± 0.7
AMT-20 25 7.6 ± 1.2 8.5 ± 0.2 25 ± 3.3 37 ± 0.6 67 ± 4.2 55 ± 0.9
N (per province) 84
ANOVA p b 0.01 p b 0.01 NS p b 0.01 NS p b 0.01
Mann–Whitney p b 0.05 p b 0.01 p b 0.01
SATL
AMT-13 10 11 ± 1.1 13.24 ± 0.4 29 ± 1.9 27 ± 0.6 60 ± 2.6 60 ± 1.0
AMT-15 13 9.4 ± 1.1 8.31 ± 0.5 31 ± 1.5 29 ± 0.6 60 ± 2.1 63 ± 1.1
AMT-17 8 15 ± 1.2 13.05 ± 0.1 39 ± 4.4 31 ± 0.2 47 ± 4.2 56 ± 0.39
AMT-18 9 13 ± 3.8 8.46 ± 0.5 30 ± 3.4 28 ± 1.1 57 ± 4.8 63 ± 1.6
AMT-19 32 12 ± 0.8 10.59 ± 0.1 26 ± 0.8 27 ± 0.3 63 ± 1.1 63 ± 0.3
AMT-20 19 11 ± 2.4 7.09 ± 0.1 19 ± 3.4 33 ± 0.4 70 ± 3.9 60 ± 0.6
N (per province) 91
ANOVA NS p b 0.01 p b 0.01 p b 0.01 p b 0.01 p b 0.01
Mann–Whitney NS NS NS
Data includeﬁrst optical depth in-situ andmodel derived PSC. Biogeochemical provinces includedareNATL (North AtlanticGyre), TRA (Tropical Atlantic) and SATL (SouthAtlanticGyre). N
indicates number of data used in analyse. One-way ANOVA is used to analyse inter-cruise differences for all data; Mann–Whitney U test is used to analyse in-situ and model derived PSC
differences. NS indicates not signiﬁcant.
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correlated with time (r =−0.71 and−0.78 respectively). However,
given that there were only six parameters (one set for each cruises),
these correlations were not statistically signiﬁcant (p N 0.05).3.3. Phytoplankton pigment ratios
To understand further the variability in PSC over the study period,
we looked at trends in different marker pigment ratios in the three
provinces (Fig. 6). The ratio of both fucoxanthin (the main indicator
for diatoms, may also be found in some ﬂagellates) and peridinin (the
main indicator of dinoﬂagellates) to the sum of diagnostic pigments
(DP) signiﬁcantly declined in the NATL and TRA provinces (Fig. 6,
Table 3), reﬂecting changes in PSC in both the Brewin et al. (2010)
and Uitz et al. (2006) methods (Fig. 5).
Changes in the nanophytoplankton fractions (Fig. 5) were further
investigated by examining the representative pigment ratios of 19′
hexanoyloxyfucoxanthin (marker for haptophytes, Jeffrey et al., 2011),
19-butanoyloxyfucoxanthin (marker for pelagophytes, Jeffrey
et al., 2011) and alloxanthin (marker for cryptophytes). The largest
changes were observed in ratio of 19′hexanoyloxyfucoxanthin to DP
(haptophytes), with a signiﬁcant increase in the NATL and decrease
in the SATL (Fig. 6, Table 3). These changesmimic the changes observed
in the nanophytoplankton fraction using the Uitz et al. (2006)
method in all provinces (Fig. 5), and also reﬂect the increase in the
picophytoplankton fraction in the NATL for the Brewin et al. (2010)
model, when considering that in the process of parameterising this
model the 19′hexanoyloxyfucoxanthin pigment is attributed to
picophytoplankton at low TCHLa (picoeukaryote adjustment).Changes in the picophytoplankton fractions (Fig. 5) were further
investigated by examining TCHLb (marker for green ﬂagellates and
prochlorophytes) and zeaxanthin (marker for cyanobacteria and
prochlorophytes) pigment ratios (Fig. 6). In general, changes in zeaxan-
thin/DP reﬂect the trends in PSC using the Uitz et al. (2006) method in
all three provinces, and also the Brewin et al. (2010)model in the TRA, in-
dicating the important role of prochlorophytes and cyanobacteria in this
size range. The smaller increase in picophytoplankton fractions (Fig. 5)
in SATL using the Brewin et al. (2010) model (Fig. 5), when compared
with the Uitz et al. (2006) method, is likely related to a conﬂicting in-
crease in zeaxanthin/DP and decrease in 19′hexanoyloxyfucoxanthin/
DP, both of with are attributed to picophytoplankton at low TCHLa
when parameterising this model. This likely reﬂects an increase in
prochlorophytes and cyanobacteria, with respect to picoeukaryotes, in
this province.
4. Discussion
4.1. Trends in total chlorophyll-a
Over the 2003 to 2010 period, there was no signiﬁcant trend in AMT
in-situ TCHLa in the NATL and TRA provinces, but therewas a signiﬁcant
increase in the SATL province. The eight-year time-period is too short to
deduce any long-term trends in TCHLa, especially when considering a
continuous time-series of ~40 years in length is required to distinguish
a global warming trend from natural variability (Henson et al., 2010),
and considering our results are only representative of the September
to November period.
Although our results are not directly comparable to other estimates
of trends in TCHLa based on datasets collected over much longer time-
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Fig. 6. Rates of change in marker pigment ratios in the three provinces, together with 95%
conﬁdence limits.
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Boyce et al. (2014) report signiﬁcant declines in TCHLa in the North
West Atlantic, Eastern Atlantic and South Atlantic over the past century,
using a dataset of merged Secchi disc observations, Forel–Ule (FU) col-
our data, and TCHLa data (Boyce et al., 2010, 2012). Boyce et al.
(2014) also report a signiﬁcant increase in TCHLa in the North East At-
lantic, in agreement with trends presented by Raitsos et al. (2005,
2014) and McQuatters-Gollop et al. (2011), derived using the Continu-
ous Plankton Recorder (CPR) Phytoplankton Colour Index (PCI). How-
ever, conﬂicting results from these studies were presented in the
central Northeast Atlantic. All these studies involve the use of proxies
for TCHLa, which have limitations. PCI, Secchi disc and FU observations
are visual estimates and limited by differences in the psychophysiology
of the human eye–brain system. Both Secchi disc and FU data are
vulnerable to variations in the relationships between TCHLa and other
optically-signiﬁcant water constituents (e.g. coloured-dissolvedmateri-
al and non-algal particles). The CPR has a mesh size of ~270 μm, and
therefore may fail to capture the smaller phytoplankton biomass
(e.g. pico- and nano-phytoplankton). Also, the Boyce et al. (2014)
study involves blending different types of data, which if not carefully
dealt with can lead to biases in the results (Boyce et al., 2014; Mackas,
2011). In our study, we used high quality HPLC estimates of TCHLa(not proxies) thatwere processed consistently over the entire study pe-
riod, and therefore less vulnerable to the issues raised in these studies.
Trends in the three provinces observed in the in-situ AMT data were
not signiﬁcantly different to trends in SeaWiFS-derived TCHLa,
supporting the use of AMT data as a platform for TCHLa trend detection,
despite only sampling a limited areawithin each province (Fig. 1). How-
ever, SeaWiFS-derived TCHLa indicated signiﬁcant declines in NATL and
TRA, not observed in the AMT data. Furthermore, whereas recent long-
term analysis (N10 years) of SeaWiFS-derived TCHLa indicates a
decrease over the entireNATLprovince, regions of both increase and de-
crease have been observed in the TRA and SATL (Siegel et al., 2013;
Vantrepotte & Mélin, 2009), suggesting variability in trends within
these two provinces that may not be captured on a speciﬁc AMT
transect route. Conﬁdence in the satellite estimates of SeaWiFS TCHLa
can be taken from the fact that they compare favourably with weekly
and daily AMT match-ups (Aiken et al., 2009; Brewin et al., 2010).
Furthermore, seasonal and inter-annual variations (including trends)
in SeaWiFS TCHLa are consistent with those derived using the MODIS-
Aqua and MERIS ocean-colour sensors over a similar time-period
(2002–2010; see Brewin et al., 2014c), lending conﬁdence to the
SeaWiFS results. Blending in-situ and satellite observations of TCHLa
(e.g. AMT and SeaWiFS) may lead to more robust estimates of trends
(Aiken et al., 2009; Gregg & Casey, 2010; Gregg & Rousseaux, 2014)
and minimise the impact of periods of missing data (Beaulieu et al.,
2013; Racault et al., 2014a).
Difﬁculties arise when comparing our results on inter-annual vari-
ability in TCHLa and PSC with results from earlier AMT studies, given
differences in cruise tracks and sampling periods. Gibb et al. (2000)
compared pigment data collected during 1996 (AMT 2 and 3) with
data collected during 1997 (AMT 4 and 5). They found an increase in
the concentration of pigments associatedwith picoplankton (sumof ze-
axanthin and divinyl chlorophyll a) during 1997 (AMT 4 and 5), partic-
ularly in the equatorial provinces, suggesting an increase in smaller size
classes, consistent with our ﬁndings during the 2003–2010 period.
However, changes between 1996 and 1997 were likely a result of the
large El Niño event that occurred (Wolter and Timlin, 1998), which
impacted global phytoplankton productivity and phytoplankton size
structure (Behrenfeld et al., 2006, Kostadinov et al. 2010). Aiken et al.
(2009) reported low inter-annual variability in TCHLa in all provinces
between the 1996–2006 period, but observed evidence of an El Niño
perturbation between 1997 and 1998, and a downward trend from
1998–2003, consistent with global changes reported by Behrenfeld
et al. (2006). Multi-decadal datasets are required to partition the inﬂu-
ence of shorter term variability (e.g. El Niño) on long term trends,which
can only be acquired through the continuation of programmes such as
the AMT.
4.2. Implications of modiﬁcations in the relationship between PSC and
TCHLa
There are discrepancies in the use of diagnostic pigments to infer
phytoplankton size structure. Some diagnostic pigments such as
fucoxanthin (main indicator of diatoms) may also be found in some
ﬂagellates (Jeffrey et al., 2011; Vidussi et al., 2001) and the pigment
groupings do not strictly reﬂect the true size of phytoplankton (Uitz
et al., 2006). Brewin et al. (2014a) conducted a comparison of size-
fractionated chlorophyll estimated independently fromHPLC diagnostic
pigment analysis and from size-fractionated ﬁltration (SFF) along the
AMT transect. Encouragingly, they found size-fractionated chlorophyll
estimated from HPLC and SFF data were signiﬁcantly correlated, with
HPLC data explaining between 40% and 88% of the variability in the
SFF data. However, there were biases between the two methods, with
HPLC methods overestimating nanophytoplankton chlorophyll and
underestimating picophytoplankton chlorophyll when compared with
SFF. Brotas et al. (2013) compared size-fractionated chlorophyll derived
using the Brewin et al. (2010) model, parameterised using HPLC
Table 3
Average diagnostic pigment ratios (in percentage with ± standard errors) for in-situ data in the ﬁrst optical depth for the different AMT cruises and biogeochemical provinces.
Province/cruise N Fuco/DP Perid/DP Zea/DP Chlb/DP 19-Hex/DP 19-But/DP Allo/DP
NATL
AMT-13 7 10 ± 1.2 5.0 ± 0.4 58 ± 3.3 1.5 ± 0.8 23 ± 2.1 2.6 ± 0.4 0.1 ± 0.1
AMT-15 4 16 ± 9.0 3.2 ± 0.4 64 ± 7.4 – 15 ± 1.6 1.1 ± 0.1 0.1 ± 0.1
AMT-17 3 8.0 ± 0.6 6.0 ± 0.2 46 ± 0.4 3.3 ± 1.7 34 ± 0.6 2.2 ± 0.2 0.5 ± 0.3
AMT-18 12 7.5 ± 1.6 1.4 ± 0.8 57 ± 1.9 5.8 ± 1.8 26 ± 0.9 2.3 ± 0.2 0.1 ± 0.1
AMT-19 12 5.7 ± 0.3 3.2 ± 0.2 55 ± 2.4 7.4 ± 0.3 27 ± 2.0 1.8 ± 0.1 1.9 ± 0.1
AMT-20 27 4.2 ± 0.8 0.1 ± 0.1 50 ± 3.2 2.4 ± 0.8 39 ± 3.4 3.3 ± 0.3 0.4 ± 0.2
ANOVA p b 0.01 p b 0.01 NS p b 0.01 p b 0.01 p b 0.01 NS
TRA
AMT-13 8 8.4 ± 1.5 6.0 ± 1.1 58 ± 2.8 5.3 ± 0.8 20 ± 1.0 1.6 ± 0.1 0.1 ± 0.1
AMT-15 7 6.8 ± 0.9 5.3 ± 0.9 59 ± 6.8 – 26 ± 5.5 2.8 ± 0.9 –
AMT-17 14 12 ± 1.2 4.7 ± 0.8 52 ± 5.3 4.2 ± 1.3 25 ± 4.1 1.7 ± 0.5 0.8 ± 0.2
AMT-18 13 4.1 ± 0.9 0.4 ± 0.4 68 ± 4.7 5.6 ± 2.8 21 ± 1.3 1.5 ± 0.5 0.1 ± 0.1
AMT-19 17 5.8 ± 0.4 2.8 ± 0.9 51 ± 2.4 9.5 ± 0.8 28 ± 2.0 2.0 ± 0.2 0.5 ± 0.1
AMT-20 25 7.0 ± 1.2 0.6 ± 0.2 67 ± 4.2 0.6 ± 0.3 22 ± 3.0 2.1 ± 0.2 1.2 ± 0.3
ANOVA p b 0.01 p b 0.01 p b 0.05 p b 0.01 NS NS p b 0.01
SATL
AMT-13 10 7.1 ± 0.6 4.1 ± 0.7 53 ± 3.3 7.3 ± 3.2 26 ± 1.8 2.7 ± 0.2 0.1 ± 0.1
AMT-15 13 7.8 ± 0.9 1.7 ± 0.4 59 ± 2.3 0.6 ± 0.4 28 ± 1.4 3.1 ± 0.2 –
AMT-17 8 9.5 ± 1.3 5.0 ± 1.3 41 ± 4.0 5.9 ± 2.0 35 ± 4.5 3.1 ± 0.5 0.5 ± 0.5
AMT-18 9 12 ± 3.9 1.0 ± 0.7 51 ± 5.0 5.9 ± 1.5 27 ± 3.2 3.5 ± 0.4 0.1 ± 0.1
AMT-19 32 8.1 ± 0.8 3.5 ± 0.2 56 ± 0.9 6.7 ± 0.5 22 ± 0.7 2.3 ± 0.1 1.3 ± 0.1
AMT-20 19 11 ± 2.3 0.6 ± 0.3 64 ± 3.8 5.7 ± 2.2 14 ± 3.0 3.6 ± 0.6 1.7 ± 1.0
ANOVA NS p b 0.01 p b 0.01 NS p b 0.01 p b 0.05 NS
Data include ﬁrst optical depth pigment ratios for different size fractions (Fuco: fucoxanthin, Perid: peridinin, Zea: zeaxanthin, Chlb: chlorophyll b, 19-Hex: 19-hexanoyloxyfucoxanthin,
19-But: 19-butanoyloxyfucoxanthin, Allo: alloxanthin, DP: diagnostic pigments (Fuco + Perid + Zea+ Chlb + 19-Hex+ 19-But + Allo)). Biogeochemical provinces included are NATL
(North AtlanticGyre), TRA (Tropical Atlantic) and SATL (South AtlanticGyre). N indicates number of data used in analyse. One-wayANOVA is used to analyse inter-cruise differences for all
data. NS indicates not signiﬁcant.
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cytometry and microscopy. Their estimated cellular TCHLa values for
the three size classes (pico-, nano- and microphytoplankton) were con-
sistent with literature values derived from laboratory cultures, providing
an indirect validation of the diagnostic pigment method to assign size
classes. These studies provide some conﬁdence in the use diagnostic pig-
ments to infer PSC. However, additional analysis is required to quantify
uncertainties in this pigment-based approach (Brewin et al., 2014a).
Signiﬁcant temporal changes in PSC were observed in the NATL and
TRA provinces (Fig. 5), despite no signiﬁcant change in TCHLa (Fig. 4).
In both provinces, there was evidence of a decrease in the fraction of
microphytoplankton to TCHLa, and evidence of an increase in the fraction
of nano- andpicophytoplankton (Fig. 5). A signiﬁcant increase in TCHLa in
the SATL province (Fig. 4)was also at oddswith an increase in the fraction
picophytoplankton to TCHLa (Fig. 5), which are typically inversely related
(e.g. see Fig. 2). Furthermore, when ﬁtting the model of Brewin et al.
(2010) to each AMT cruise individually (all data within the 1st optical
depth), we observed changes in model parameters (Fig. 2), consistent
with a change in the relationship between PSC and TCHLa over the
study period.
When considering the different roles of these two ecological indica-
tors, changes in the relationship between PSC and TCHLa may have
wide implications inmarine biogeochemical cycling. Picophytoplankton
absorb light with higher efﬁciency than larger phytoplankton (Brewin
et al., 2011; Ciotti et al., 2002; Devred et al., 2011; Uitz et al., 2008),
therefore, for the same TCHLa, an increase in the picophytoplankton
fraction would result in an increase in the absorption of incoming
radiation which could impact light availability for photosynthesis and
heating of the upper ocean. The photophysiology of phytoplankton is in-
ﬂuenced by its size structure (Uitz et al., 2008); such that changes in the
relationship between PSC and TCHLa are likely to inﬂuence the relation-
ship between TCHLa and primary production (Uitz et al., 2010).
Microphytoplankton are generally positively correlated with new and
export production (Dugdale et al., 2007; Guidi et al., 2009; Uitz et al.,
2010) and picophytoplankton with recycled production (Chisholm,
1992). For the same level of TCHLa, one may expect modiﬁcations inrecycled, new and export production with changes in PSC. The amount
of carbon exported or recycled in the upper ocean impacts the CO2
concentrations and pH of the ocean, affecting air–sea CO2 gas transfer,
and potentially the role of the ocean as a sink for increasing atmospheric
CO2.
Analysis of phytoplankton pigment ratios indicates modiﬁcations in
the composition of fucoxanthin, peridinin, 19′-hexanoyloxyfucoxanthin
and zeaxanthin in the three provinces over the study period (Fig. 6), in-
dicative of modiﬁcations in diatoms, dinoﬂagellates, haptophytes and
prokaryotes respectively. There is evidence that the phytoplankton
community inﬂuences the transfer of energy through the food-web
and the type of ﬁsh that prosper in a given environment (Beaugrand,
2003; Beaugrand & Reid, 2003, IOCCG, 2014). For instance, in the
Benguela upwelling diatoms are correlated with the growth of anchovy
while ﬂagellates are correlated with the growth of sardines (Cury et al.,
2008). Strong correlations have been observed between the occurrence
of diatoms and the anchovy catch in the Humboldt ecosystem (Jackson
et al., 2011). The distribution and rate of synthesis of essential fatty
acids, required by all vertebrates, has been found to vary with diatom
occurrence (Budge et al., 2014). Careful monitoring of phytoplankton
community structure is required to ensure sustainable management of
ﬁsheries (IOCCG, 2014).
Other biogeochemical cycles are also likely to be inﬂuenced by
modiﬁcations in the composition of the phytoplankton community
relative to TCHLa. For instance, diatoms inﬂuence the cycling of silicate
(Kröger et al., 2000), some prymnesiophyte species (such as
coccolithophores) impact the cycling of calcium carbonate (Morse
et al., 2007) and some (such as Phaeocystis antarctica) produce dimethyl
sulphide (DMS; Liss et al., 1994). Cyanobacteria, such as Trichodesmium,
utilise N2 from the atmosphere and thus inﬂuence the nitrogen cycle
(Falkowski, 1997; Tyrrell, 1999). Comprehensive monitoring of phyto-
plankton community structure is required to better understand impor-
tant biogeochemical processes and how they may respond to climate
variability and change (IOCCG, 2014; Le Quéré et al., 2005).
Changes in the relationship between phytoplankton community
structure and TCHLa will also inﬂuence the use of empirical ocean-
64 E. Agirbas et al. / Journal of Marine Systems 150 (2015) 56–65colour remote-sensing algorithms. For instance, it has been shown that
information on the absorption and backscattering properties of phyto-
plankton size is implicit in remote-sensing algorithms that empirically
relate TCHLa to band-ratio reﬂectance (Dierssen, 2010; IOCCG, 2014).
In fact, these algorithms implicitly assume a ﬁxed relationship between
PSC and TCHLa (IOCCG, 2014). Modiﬁcations in this relationship will
likely impact the accuracy of these empirical algorithms. This presents
a challenge for ocean-colour remote-sensing, as a change in ocean
colour can occur from either a change in community composition
(e.g. PSC) or in TCHLa. Empirical relationships, that tie one indicator to
the next, need to be minimised in models, since correlations between
elements of the ecosystem may not be stable in a changing climate
(Figs. 4 and 5). If empirical relationships are unavoidable, on-going re-
calibration is required to reduce ambiguity in interpretation of results,
since empirical relationships based on past observations may not be a
faithful guide to the future state of the ocean. Such recalibrations cannot
occur without high quality in-situ observations, such as those acquired
in the AMT programme.
This study has demonstrated that the relationship between PSC and
TCHLamay vary between years, and given that PSC and TCHLa have dif-
fering roles in ecology andmarine biogeochemistry, long-termmonitor-
ing of both indicators is required to ensure comprehensive ecosystem
management. The AMT programme, soon to reach its 20th year, is one
of a few oceanographic programmes capable of monitoring these
indicators over basin-wide scales and delivering the measurements
required for global ecosystem management. It is vital that such
programmes are sustained long into the future.
5. Conclusions
Making use of surface pigment data collected on the Atlantic Merid-
ional Transect (AMT) between 2003 and 2010 (September toNovember
period only), we examine temporal changes in total chlorophyll-a
(TCHLa) and phytoplankton size classes (PSC; micro-, nano- and pico-
phytoplankton, estimated from pigment analysis) in three ecological
provinces of the Atlantic Ocean. No signiﬁcant changes were observed
in TCHLa in northern (NATL) and equatorial provinces (TRA), but a
signiﬁcant increase was observed in the southern province (SATL).
These changes were not signiﬁcantly different to those derived using
satellite data (SeaWiFS) over the same study period.
Despite no change in TCHLa in theNATL and SATL, signiﬁcant chang-
es were observed in PSC, with increases in small cells (pico- and
nanophytoplankton) and decreases in large cells (microphytoplankton)
in these provinces. These changes were related to modiﬁcations in key
phytoplankton diagnostic pigments (principally fucoxanthin, peridinin,
19′-hexanoyloxyfucoxanthin and zeaxanthin). We also observed
changes in the parameters of a three-component model over the
study period which relates PSC to TCHLa. Results indicate a change in
the relationship between PSC and TCHLa during this eight-year period,
which has wide implications for ecosystem structure, marine biogeo-
chemistry and ocean-colour remote sensing, and illustrates the impor-
tance of the AMT programme in monitoring the health of Atlantic
Ocean ecosystem.
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